Experimental study on proton exchange membrane (PEM) electrolyzer was carried out focusing on the effect of pore structural properties of current collectors, such as porosity and pore diameter. Various titanium (Ti)-felt substrates with different porosities and 2 pore diameters (measured by capillary flow porometry) were used as the anode current collector. Results show that when the mean pore diameter of the current collector was larger than 10 μm, the electrolysis performance improved with decreasing pore diameter. In contrast, changes in porosity had no significant effect on the cell performance when the porosity exceeded 0.50. The flow pattern of two-phase flow in the flow channel was discussed in terms of its relationship to bubble size and to pore diameter of the current collector. Finally, correlation between the calculated membrane resistance and the measured pore diameter of the current collectors suggest that larger bubbles generated from larger pores tend to become long bubbles in the channel, thus hindering the water supply to the membrane.
Introduction
Hydrogen production linked to renewable sources is a critical process for establishing a "hydrogen society" with zero environmental impact. The integration of renewables (hydro, wind, photovoltaic) with water electrolysis is an attractive option to achieve such a society [1, 2] . A proton exchange membrane (PEM) water electrolyzer has recently attracted attention because of its wide range of current density and high conversion efficiency [3] [4] [5] [6] .
The configuration of a PEM electrolyzer is similar to that of a PEM fuel cell (PEMFC) in that it consists of a membrane electrode assembly (MEA), current collectors, bipolar plates with flow channels, bus plates, manifolds, and end plates. The current collector is a porous medium placed between the MEA and bipolar plate at both electrode sides. The two major roles of a current collector are similar to those of gas diffusion layers (GDLs) of a PEMFC, namely, electric conduction between the electrode and the bipolar plate and efficient gas transport from the electrode to the flow channels.
In a typical PEMFC, carbon paper or carbon cloth is used as the GDL at both sides of the electrodes. However, in a PEM electrolyzer, carbon material cannot be used for either the oxygen electrode (anode) or for the GDL (i.e., current collector), because the potential of the anode during electrolysis operation is so cathodic that carbon material tends to corrode. Thus, in a PEM electrolyzer, the anode current collector is typically titanium (Ti) in the form of sintered porous media, expanded screen mesh, or felt (unwoven fabric).
At the anode of a PEM electrolyzer, liquid water is transferred through the current collector from the flow channel and dissociated into molecular oxygen. Produced oxygen gas diffuses back to the flow channel by diffusion through the anode current collector. Liquid water acts as a reactant in the anode reaction while simultaneously humidifying the membrane to maintain high proton conductivity. If the produced oxygen cannot be removed efficiently, the anode channel will be blocked, thus limiting the mass transport. Therefore, efficient mass transport of liquid (water) and gas (oxygen) through the anode current collector is crucial for stable operation of a PEM electrolyzer. Despite its importance, however, correlation between electrolysis performance and the properties of the current collector such as porosity, pore size, and hydrophobicity, has not been extensively studied. Grigoriev et al. [7] presented an optimization of the current collector from the view point of mass transport. Based on their experimental data using a porous plate of sintered Ti-powder, they determined that the optimum pore size of a current collector is 12-13 μm. However, a definitive correlation between cell performance and pore size has not yet been clearly presented.
Hwang et al. [8] carried out electrolysis experiments using unitized reversible fuel cells (URFCs) with different Ti-felt current collectors, and concluded that when the mean pore diameter (MPD) of a porous current collector is smaller than about 60 μm, electrolysis performance is not noticeably affected by changes in either the polytetrafluoroethylene (PTFE) content or porosity, whereas when the MPD > 100 μm, cell performance is degraded at a high current density (>0.5 A/cm 2 ). In a previous study [9] , we focused on the flow pattern of two-phase flow in the flow channel and investigated the relation of flow pattern and electrolysis performance.
At the cathode, hydrogen gas is produced and diffuses through the current collector to the flow channel. Contrary to the anode reaction, the cathode reaction does not require liquid water, although liquid water is transferred (by electro-osmosis) from the anode and is accompanied by protons in the membrane. Thus, hydrogen gas and liquid water are simultaneously transported to the channel through the current collector during electrolysis operation. Because the activation overpotential of the cathode reaction is small [10, 11] , the effect of the properties of the cathode current collector on the cell performance is limited.
Similar to the anode of a PEM electrolyzer, the anode of a direct methanol fuel cell (DMFC) has simultaneous mass transport of the supply of liquid reactant and the release of gas product through the porous media. In a DMFC where carbon paper or carbon cloth is used as the GDL the same as in a PEMFC, carbon dioxide (CO2) generated at the anode diffuses through the GDL and flows into the channel flow of methanol. The two-phase flow of methanol and CO2 gas in the anode channel has been visualized using a transparent DMFC [12] [13] [14] [15] [16] [17] [18] [19] [20] . Argyropoulos et al. [12, 13] noted that carbon paper is not suitable as a GDL of a DMFC due to its poor gas removal properties, whereas carbon cloth has relatively good gas removal properties. Lu and Wang [15] also concluded that carbon cloth is more suitable than carbon paper for GDL and that CO2 bubbles produced by hydrophilic carbon cloth are more uniform and smaller than those produced by hydrophobic carbon cloth. These flow visualization studies on DMFC generally revealed that the minimum bubble size is comparable to the size (i.e., width or depth) of the channel (~1 mm) and thus, dispersed bubbly flow is rarely observed and the presence of slug flow in the channel leads to a smaller effective mass transport area between methanol and the GDL and to degradation in cell performance.
In this work, the effect of pore structural properties (i.e., porosity and pore diameter) of the anode current collector on the performance of a PEM electrolyzer was investigated experimentally. Various Ti-felt substrates with different porosities and pore diameters (measured by capillary flow porometry) were used as the anode current collector in a PEM electrolyzer. Electrolysis performance was measured for each cell set-up. Results revealed that the measured pore diameter of the current collector was correlated with cell performance and with ohmic resistance of the cell.
Experimental

PEM electrolysis
The experimental set-up of the PEM electrolyzer and the balance of plant (BOP) used in this present study has been described previously [9] . This electrolyzer was a small single cell (27 cm 2 ) that had the commonly used PEMFC configuration, consisting of a membrane electrode assembly (MEA), porous current collectors, and separators (bipolar plates) with flow channels. The MEA used here was designed for a URFC and was developed by Takasago Thermal Engineering Co. and Daiki Ataka Engineering Co. For the MEA fabrication, catalytic electrodes were hot pressed to both surfaces of the membrane (Nafion 115). An iridium oxide (IrO2) and platinum (Pt) mixed electrocatalyst was used for the oxygen electrode, and a Pt catalyst was used for the hydrogen electrode. Carbon paper (Toray TGP-H-090) with a porosity of 0.78 was used for the current collector of the cathode. Table 1 summarizes the types of Ti-felt prepared and used as the current collectors. First, three types of Ti-felt of different fiber diameter ( φ ) and porosity ( ε ) were prepared, in which A1 and A3 had the same φ (20 μm) and A1 and A2 had the same ε (0.75). Then, to change their pore structure ( φ and ε ), three substrates (B1-B3) were prepared by loading Ti-powder (20 μm average diameter) onto bare substrates of A1-A3. The Ti-powder loading process was similar to conventional carbon-powder MPL loading for GDL of a PEMFC, that is, a slurry containing PTFE, Ti-powder, distilled water and a surface active agent was prepared by mixing with an impeller blade-type mixer, and then spread onto the substrate using a bar coating machine. (The wt% ratio of Ti-powder and PTFE binder in the slurries was 99 to 1.) The B1, B2, and B3 substrates were then dried at 180°C for 30 min to evaporate the remaining solvent, and finally sintered at 360°C in vacuum condition for 1 hour. In the cell set-up, the flow field of the bipolar plates at both sides was 26 channels in parallel and each channel had a square cross-sectional area of 0.01 cm 2 [9] .
The cell temperature was controlled by a thermocouple inserted in the body of the cell and by electric heaters on the cover plates of the cell. De-ionized liquid water was circulated by an accumulator, pump, preheating tank, flow meter, and flow control valve. Theoretically, water must be supplied only to the oxygen electrode side, because water molecules move along with protons to the hydrogen electrode during electrolysis.
In the present experiments, however, water was circulated at a flow rate of 25ml/min at both sides of the electrodes to prevent membrane burn-out caused by lack of water. Two-phase flow of gas and liquid was released from the exit of the cell at both electrodes, and the produced gas (H2 and O2) was separated from liquid water at the respective accumulators. DC power for the electrolysis was supplied and controlled by a power supply (PAN16, Kikusui). Finally, the cell voltage (V) was measured at each current density (i) during PEM electrolysis for each cell set-up. In addition, the present PEM electrolyzer could be also operated as a PEMFC, because the MEA was customized for a URFC. In the FC experiments using these cells, the cell ohmic resistance was observed in situ using the AC impedance method as previously described [8] .
Capillary flow porometry
The pore diameter of the porous current collectors was measured using capillary flow porometry (CFP) as an ex-situ measurement as follows [21] [22] [23] . A sample of the porous media was soaked in a liquid that spontaneously fills the pores. Dry gas at a given flow rate was then introduced into the prewetted substrate. Removal of the wetting liquid from the pores was not spontaneous, however. The equilibrium relationship between the surface tension of the liquid (i.e., capillary pressure) and air pressure (Fig. 1A ) was used to calculate the pore diameter ( p d ):
where B is the capillary constant, γ is surface tension, θ is contact angle, and P is applied gas pressure. The capillary constant is a tortuosity factor and set at 0.715 in the present measurement as the same as the American Society for Testing Material Committee (ASTM) [21] . When the wetting liquid has very low of γ and θ , then cos 1 θ ≈ . Based on Eq. (1), the lowest pressure of gas flowing is required to empty the largest pore. Therefore, there would be no gas flow through the substrate containing liquid-filled pores, and the gas begins to flow when the pressure is increased to a value sufficient to empty the largest pore. This breakthrough point is considered the bubble point. Further increase in gas pressure would empty the smaller pores and increase the gas flow rate, according to the wet flow curve (Fig. 1B) . Here, the dry flow curve was obtained using a completely dry substrate, and the half-dry flow curve was calculated from the dry curve and was half of the flow rate through the dry sample at any given pressure ( Fig 1B) . The maximum p d obtained from the gas pressure of the bubble point and Eq. 1 is called the bubble point diameter (BPD), and the gas pressure at the intersection of the half-dry flow and wet flow is the mean pore diameter (MPD).
In this study, the BPD and MPD of the Ti-felt substrates used for the anode current collectors were measured using the CFP apparatus (Model 1200AEL, PMI) and the above described procedure. An agent (Fluorinert, 3M) with a low surface tension (=16mNm -1 ) was used for the wetting liquid. Dry air flowed through the substrate in the though-plane direction. Table 1 In the B1 series (B1-1 -B1-3) and in B2, previously reported SEM images of the Ti-felt substrate revealed that the loaded Ti-powder did not form a layer covering the substrate but instead intruded into the bulk of the substrate [24, 25] . Therefore, in the present study, Ti-powders were relatively uniformly distributed not only in the in-plane direction but also in the through-plane direction of the current collectors of the B1 series and of B2. Even though the loading procedure for the Ti-powder was similar to that for MPL for the GDL of PEMFC, the density of Ti powder was relatively high compared to the viscosity of the slurry and p d of the bare Ti-felt substrates of A1 and A2 was larger than the powder diameter (~20 μm). This intrusion of Ti-powder into the Ti-felt substrate explains why the MPD of B1 and B2 changed only slightly with Ti-powder loading, whereas ε decreased ( Table 1 ). In particular, the MPD and BPD of B1-2 were larger than B1-1. It must be caused by the quality unevenness of Ti-felt substrate, namely, the original substrate of Ti-felt of B1-2 had relatively large pores though φ and ε were the same as the A1. The pore size distribution of Ti-felt was measured with the mercury intrusion porosimetry (MIP). Based on MIP data of A1 and B1s, we could observe only slight decrease of the main peak around 40-60 μm by the loading of Ti-powder, though a increase of meso-pore (0.05-7 μm) volume was detected [24] . In the case of B3, the loaded Ti-powder formed a layer on the Ti-felt substrate, because both In our previous study [8] , Ti-felt without Ti-powder loading was treated with PTFE emulsion (10 and 20 wt.%) and had a loaded PTFE amount of about 75 and 150 mg/cm 3 based on the outer geometric dimension of the Ti-felt substrate. These PTFE-coated Ti-felt substrates were used as the anode current collector in cells during electrolysis experiments. No noticeable difference was detected in the performance of these cells with that of cells with untreated Ti-felt substrates. In our current study, the PTFE loading in Ti-powder loaded substrates ranged between 1.0 and 3.0 mg/cm 3 , which is far lower than that in our previous study [8] . However, because all of the cells in our current study used MEA designed for an URFC, they can also be used as fuel cells.
The cell ohmic resistance was observed in situ during FC operation using the AC impedance method at the same cell temperature (80°C). As we reported [24, 25] , the cell resistance depended on the humidification condition of the supplied gases during FC operation, and under the same humidification condition, loading of Ti-powder and PTFE onto the Ti-felt substrate had no effect on cell resistance.
Based on these results, changes in p d of the porous current collectors affect the cell performance, as reflected by both the BPD and MPD of A2 and B2 being significantly larger than those of the other substrates (Table 1 ). Figure 3 A and 3B show the plot of V (at i = 1.017/cm 2 ) versus BPD and MPD, respectively. It was suggested that there is a close relationship between cell performance and p d of the anode current collectors, though the data are rather scattered. As described above, the meso-pore volume (0.05-7 μm) was increased by the loading of Ti-powder [24] . However, we could not observe certain effect of meso-pores on the electrolysis performance. In addition, the cell performance improved with decreasing p d when the MPD > 10 μm, which agrees with the tendency reported by Grigoriev et al. [7] . Despite considerable differences in the reported definition of two-phase flow patterns in channels [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , it is generally agreed that flow regimes consist of dispersed bubbly flow, slug flow, churn flow, and annular flow. Such typical flow regimes in these channels are schematically shown in Fig. 4 , including plug flow as a transition flow (Fig. 4b) . In the dispersed bubbly flow (Fig. 4A) , liquid flowing in the channels is in the continuous phase while gas is dispersed in the continuous liquid phase as discrete small bubbles, when the bubble size ( b d ) is smaller than the channel diameter ( chan d ).
Plug flow (Fig. 4B) is the transition from bubbly flow to slug flow and consists of elongated bubbles whose b
This flow pattern has also been referred to as slug flow [26] , elongated bubble flow [27] , wedging flow [28] , and confined bubble flow [29] .
As the mass flow rate of gas is increased (which leads to increasing void fraction), bubbles develop into a bullet shape as slug flow (Fig. 4C) , where b (Fig. 4D) is formed by the breakdown of these large bubbles in the slug flow, and the gas flows in a more chaotic manner through the liquid with oscillatory or time variant characteristics. In annular flow (Fig. 4E) , gas phase becomes continuous flow in the core of the channel, and the liquid flows only along the walls of the channel as a film.
In general, the flow pattern of two-phase flow can be categorized by the superficial velocities of the gas and liquid ( G j and L j , respectively), which can be calculated as follows:
where G G and L G are the mass fluxes of the gas and liquid, G ρ and L ρ are the densities of gas and liquid, respectively, and x is the quality of the two-phase flow defined as follows at an arbitrary location along the channel:
In our previous study [9] , the flow pattern was compared and analyzed using the flow map presented by Mishima and Hibiki [30] . To investigate the relation between flow pattern of two-phase flow and pore diameter of current collector, in the present study, the flow pattern was analyzed in more detail by doing an extended survey of literature [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] in terms of mini-channels, whose channel diameter ranged from 0.5 to 2.0mm.
For mini-channels, under the same given G j and L j , the flow pattern for vertical flow is quite similar to that for horizontal flow [32, 33] . This similarity indicates that compared to the effect of buoyancy, the effect of surface tension is predominant in mini-channels of this size [26, 29] .
Figures 5A and 5B compare the flow regime map presented by Mishima and
Hibiki [30] and that by Ide et al. [33] and by Cubaud and Ho [28] , respectively. Mishima and Hibiki obtained the map based on experiments with vertical upward flow in circular channels whose diameters were 1.05 and 2.05 mm [30] . Ide et al. [32, 33] can be calculated per channel as follows [9] : 2 and 4, assuming that x changes linearly along the channel from zero to x exit . Figure 5 also shows the calculated G j and L j in the anode channel of the electrolyzer during electrolysis at i = 0.2, 0.5, 1.0, 2.0, and 3.0 A/cm 2 . Based on the flow map and the description by Ide et al. [32, 33] and Cubaud and Ho [28] , dispersed bubbly flow (Fig. 4A) can be observed only under a limited condition, namely, at high liquid flow rate and low gas flow rate (represented by the upper-left region in Fig. 5 ). In general, transition from plug flow to slug flow is not clear, because at these flow patterns the bubble length (l b )
gradually increases with increasing mass flow rate of the gas. Triplett et al. [26] did not define plug flow, and Ide et al [33] (Fig. 5A ) and Coleman and Garimella [27] merged plug flow and slug flow into an intermittent flow. The wedging flow defined by Cubaud and Ho (Fig. 5b) is nearly equal to the plug flow noted here (Fig. 4B) . As described in Sec. 1, the two-phase flow of gas and liquid observed at the anode channel of a PEM electrolyzer can be observed at the anode channel of a DMFC, and visualization of this two-phase flow (using CO2 as the gas and methanol solution as the liquid) has been reported in several studies [12] [13] [14] [15] [16] [17] [18] [19] [20] . In general, the mass transfer of liquid from a channel to an electrode is significantly hindered by the residence of long bubbles (slugs) in the channel. Argyropoulos et al. [12] and Lu and Wang [15] d in an open water pool when gas is injected through an orifice can be predicted by an equation given by Wallis [38, 39] as to slug, that is, the large bubbles that detach from large pores tend to induce the transition from plug to slug at lower mass flow rate of the gas, as discussed by Song et al. [40] and Guet et al. [41] . This tendency corresponds to a shift in the boundary of plug and slug to the left in the flow regime map. Several studies of DMFC [15, 16, 18] The mass transfer of liquid water to the electrode surface might be restricted by bubbles in the channel. Thus, a lower water supply can be assumed to decrease the water content in the membrane and thus increase the cell resistance, because proton conductivity of a PEM depends on the water content. Because we could not prepare an instrument for the cell impedance measurement at that time, the cell resistance could not be observed directly during electrolysis. Therefore, we estimated it by fitting the i-V curves as follows.
In this work, we applied a simple model for PEM electrolysis developed by Garcia-Valverde et al. [11] to fit the i-V curves. The overall expression of the model is
where E rev is the reversible voltage for water electrolysis, z is the stoichiometric coefficient for transferred electrons, α A , α C and i 0,A , i 0,C are the charge transfer coefficient and the exchange current density of the anode and cathode, respectively, R ele and R ion are the electronic and ionic contribution to the resistance losses, and R, T, and F have their usual meaning. In this model, we did not consider the limiting current density, because the effect of mass transport limitation was not observed in the i-V characteristics in our present study. The E rev at atmospheric pressure was determined by using an expression by LeRoy et al. [42, 43] : 
In water electrolysis, z = 2, and in our present study, α was assumed to be 0.5, the same as in the study by Garcia-Valverde et al. [11] . The second and third term of right-hand side of Eq. (6) denote the activation overpotential of the anode and cathode, respectively.
Because i 0,C >> i 0,A at usual electrodes of a PEM electrolyzer using Pt catalyst for the cathode [10] , the activation overpotential of the cathode (the second term) can be neglected. The fourth term is the ohmic overpotential consisting of the electronic and ionic resistances (R ele i and R ion i, respectively). As mentioned in Sec. 3.1, cell resistance could be observed during the FC mode of the URFC. In the present cell set-ups, R ion is apparently predominant compared to R ele . Because R ion is actually governed by the proton conductivity of the PEM, it is denoted as R mem . Eq. (6) can thus be rewritten as [11] rev mem 0,A ln 2 0.5
Under the constant temperature (80 °C) in our experiments, i 0,A and R mem were the variable parameters in our fitting calculation of the i-V curves. Table 3 summarizes the parameters of the fitted curves. In the fitting calculations, the standard deviations of i 0,A and R mem are about two-orders smaller than the respective fitted value. The fitted value of R mem for A2
and B2 was significantly larger whereas i 0,A was slightly smaller than those for the other cells. Figure 7 shows the relationship between R mem_cal and log d p , revealing that in the measured range of d p , namely, 25 -552 μm for BPD and 10 -107 μm for MPD,
This dependence indicates that the large bubbles detached from large pores tend to hinder the water supply to the electrode (i.e., to the membrane), and thus decrease the proton conductivity in the membrane. Figure 8 compares the proton conductivity (κ) between the fitted value that we obtained here and the measured data and correlation reported in other studies [44] [45] [46] [47] [48] .
In this figure, the data from Biaku et al. [49] is fitted values using the i-V curves of PEM electrolysis, the same as done here in our present study. The range of fitted values from our study is lower than the data from Zawodzinski et al [45] and Kopitzke et al [47] As we previously reviewed [50] , κ of a membrane decreases when the membrane is pretreated by drying at elevated temperature over 100 °C. The data from Parthasarathy et al. [44] was obtained for a membrane with the drying pretreatment at elevated temperature, whereas that from Zawodzinski et al. [45] and Kopitzke et al. [47] was obtained for a membrane without such treatment. Because the MEA that we used was fabricated by hot-pressing and thus dried at an elevated temperature over 100 °C, the κ range in our study is reasonable.
In the present analysis on the overpotential, since the simple model (Eq. 8) was applied, the difference of the cell voltage was represented only by the difference of the R mem . However, there is a possibility that the R mem depends on i and the overpotential contains other constituents than the anode activation overpotential and the ohmic overpotential (i.e., the concentration overpotential and the cathode activation overpotential). As for these ambiguous points, it is planned to pursue a close investigation in future.
Conclusions
The effect of changes in pore structure of the anode current collector on PEM electrolysis performance was experimentally investigated using a small cell with various Ti-felt substrates of different fiber diameter and porosity and with Ti-felts loaded with Ti-powder as the anode current collectors. The pore diameter of these cells was measured by capillary flow porometry.
Experimental results show that, when the mean pore diameter of the porous current collector was larger than 10 μm, the electrolysis performance improved with decreasing pore diameter, regardless of the type of porous current collector studied here.
In contrast, changes in porosity had no significant effect on the cell performance when the porosity exceeded about 0.50. The results also revealed that (a) the pore diameter affects the flow regime, (b) mass transfer of liquid water to the electrode surface might be restricted by bubbles in the channel, and (c) larger bubbles generated from larger pores tend to become long slugs and thus hinder the water supply to the membrane. and Kopitzke et al. [47] , fitted values with electrolysis data [49] , and fitted value obtained in the present study. Calculated by the present study Kopitzke et al. [47] Parthasarathy et al. [44] Zawodzinski et al. [45] Koptizke et al. [47] Doyle et al. [48] Biaku et al. [49] ln(k [S cm [44] [45] [46] [47] [48] [49] , correlations presented by Springer et al. [46] and Kopitzke et al. [47] , fitted values with electrolysis data [49] , and fitted value obtained in the present study. 
